Monitoring crystallization in real time at the nanoscale can provide valuable new insights into the nucleation process. Herein, the application of nanopipettes as nanoreactors to study the nucleation of organic materials (pharmaceutical crystals) is demonstrated, using bicalutamide (BIC), an active pharmaceutical ingredient of the prostate cancer drug CASODEX ® , as a model. Crystallization is achieved using a nanoscale antisolvent system, whereby a nanopipette containing an aqueous inert salt solution is brought into contact with a dimethyl sulfoxide (DSMO) solution containing soluble BIC and the same inert salt (at the same concentration). Crystallization is driven and controlled by a combination of the applied bias between an electrode in the nanopipette and one in the bulk DMSO phase and mixing of the two solvents at the mouth of the nanopipette. Crystallization at the tip of the nanopipette causes transient blockages, as BIC particles form and translocate at the end of the nanopipette opening. At low inert electrolyte concentration, the current-time signature is highly stochastic and comprises a sequence of current pulse increases and decreases, which could either indicate nucleation-dissolution during phase transformation, and/or be due to the particles formed being charged. Particles produced in this way can be used as seeds for crystal growth and Raman spectroscopy analysis of the crystals produced indicates the formation of Form II BIC which is rarely formed. Thus, in addition to monitoring nucleation, nanopipettes can serve as reactors to synthesize organic crystals with polymorphs that are not typically found. Finite element method modeling provides valuable insight on the solvent mixing process and effect of applied bias, and helps to explain some of the observations. 4
whereby a nanopipette containing an aqueous inert salt solution is brought into contact with a dimethyl sulfoxide (DSMO) solution containing soluble BIC and the same inert salt (at the same concentration). Crystallization is driven and controlled by a combination of the applied bias between an electrode in the nanopipette and one in the bulk DMSO phase and mixing of the two solvents at the mouth of the nanopipette. Crystallization at the tip of the nanopipette causes transient blockages, as BIC particles form and translocate at the end of the nanopipette opening. At low inert electrolyte concentration, the current-time signature is highly stochastic and comprises a sequence of current pulse increases and decreases, which could either indicate nucleation-dissolution during phase transformation, and/or be due to the particles formed being charged. Particles produced in this way can be used as seeds for crystal growth and Raman spectroscopy analysis of the crystals produced indicates the formation of Form II BIC which is rarely formed. Thus, in addition to monitoring nucleation, nanopipettes can serve as reactors to synthesize organic crystals with polymorphs that are not typically found. Finite element method modeling provides valuable insight on the solvent mixing process and effect of applied bias, and helps to explain some of the observations.
INTRODUCTION
Crystallization at the nanoscale, in a confined environment, can have a significant impact on the properties of the emerging crystal structure, including the formation of unusual metastable polymorphs. 1 Herein, we show that nanopipettes provide a powerful methodology for detecting the nucleation and growth of seeds of pharmaceutical crystals, using bicalutamide (BIC) (shown in scheme 1), as an exemplar system. BIC is an active pharmaceutical ingredient (API) in AstraZeneca's prostate cancer product CASODEX ® , belonging to class II of the biopharmaceutics classification system (BCS) (low solubility and high permeability). 2, 3 It has received considerable attention as a model for class II drugs. [4] [5] [6] Crystal polymorph control is an important aspect of drug formulation, to ensure bioavailability and stability of the drug product. Unusual polymorphs may provide a route to enhancing solubility of class II biopharmaceutics, 1, 7 and an aspect of this paper is the creation of polymorph II of BIC rather than the more stable polymorph I that is usually formed.
Nanopipettes and solid state nanopores, have become established as powerful tools in the detection and manipulation of single entities (nanoparticles and macromolecules) through the use of resistive pulse principles. [8] [9] [10] [11] [12] [13] [14] [15] As an entity translocates through a pore connecting two electrolytic solutions (for example between the inside and outside of a nanopipette), with an applied bias, resulting changes in the ionic current can provide information about the size and surface properties of the entity, as well as its speed of translocation. 11, [16] [17] [18] [19] [20] Typically, the presence of an insulating particle in the orifice of a pore causes a transient increase in the pore resistance (decrease in the ionic current), 10, 17, 21, 22 the magnitude of which informs on the particle size.
Nanopipettes, are particularly attractive for resistive pulse experiments, as they can be prepared easily and rapidly from quartz or glass capillaries to give a range of tuned orifice 5 sizes, usually of conical geometry, simply by adjusting the laser puller parameters. [22] [23] [24] [25] [26] The conical shape of the nanopore has potential benefits in that the electric field is greatest at the opening, where the nanopipette becomes narrower, providing a higher sensitivity for resistive pulse sensing. 25 Consequently, applications of nanopipettes are expanding apace. [27] [28] [29] Of relevance to the studies herein, the use of nanopipettes as reaction centers for monitoring the nanoscale crystallization of zinc phosphate has been described. 30 While applying a voltage bias across the nanopipette opening, current oscillations were observed that were attributed to the precipitation and dissolution of zinc phosphate in the nanopipette opening. With precursor zinc and phosphate salts, one in the nanopipette and the other in the bathing solution, it was demonstrated that the sign of the applied bias could be used to drive either crystallization or dissolution at the nanopipette opening. We recently used this methodology to monitor the crystallization and dissolution of calcium carbonate in nanopipettes and showed this to be a powerful platform for rapidly screening crystal growth additives. 31 Additionally, the formation of inorganic salt nanoparticles in conical nanopores has been reported. [32] [33] [34] The above examples have considered aqueous crystallization, but some work in much larger pores, in borosilicate glass or silicon nitride, have considered the use of different solvents either side of the pore mouth (solvent/antisolvent system), which mix at the pore to produce a supersaturated solution. 35 This is the type of system considered herein, but with the use of much smaller pores (50 nm diameter) formed using glass nanopipettes. Studies on this dimension are especially interesting because unusual polymorphs might be expected, due to the dramatic sizedependent stability properties of polymorphs on this length scale. 36 With the use of finite element method (FEM) modeling, we provide insight into the solvent mixing phenomenon that leads to precipitation and the strong effect of applied bias that we see. These new studies suggest that nanopipettes are potentially very useful devices for monitoring the nucleation of crystals in an antisolvent system and creating seeds for unusual polymorphs. 
Nanopipettes
Nanopipettes were fabricated from quartz capillaries, with an outer diameter of 1.00 mm and an inner diameter of 0.5 mm (Friedrich and Dimmock). Using a laser puller (P-2000, Sutter instruments), capillaries were pulled to give a nanopipette with an opening diameter of approximately 50 nm at the end and semi-angle that over a few microns from the end approximated to ca. 3.7˚. Several pulled pipettes were examined by transmission electron microscope (TEM) to confirm these dimensions were consistent.
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BIC Crystallization Measurements
A two-electrode setup was employed with a AgCl-coated Ag quasi-reference counter electrode (QRCE) inserted into a nanopipette filled with aqueous TBACl solution and a second similar QRCE was placed in the bulk DMSO solution. The current, I, was measured as a function of time with the potential, V, applied in a defined way (constant or linearly scanned with time), using a home-built potentiostat and electrometer. Potential control and data acquisition was achieved using an field-programmable gate array (FPGA) card (7852R, National Instruments)
controlled by a LabVIEW 2013 interface, National Instruments. All measurements were made at 23 ± 1 °C. The potential of Ag/AgCl electrode in DMSO was monitored over time and was 8 found to be stable (Supporting Information, section SI-3). The AgCl-coated Ag wire functions as a stable electrode in many aqueous media.
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Raman Spectroscopy
Raman microscopy investigations of individual crystals employed a Renishaw inVia Reflex
Raman Microscope fitted with a Charge Coupled Device (CCD) detector with a near-IR (633 nm) laser. A 50 objective lens was used.
Finite Element Method Simulations
Finite element method (FEM) simulations were carried out to understand the mixing zone of the two solvents and extract saturation levels of BIC near the mouth of the nanopipette.
These simulations were done using COMSOL Multiphysics 5.2a using the transport of diluted species and electrostatics modules. Simulations used a 2D axisymmetric cylindrical geometry.
The simulation domain, diffusion coefficients and boundary conditions are presented in Supporting Information, section SI-4. Briefly, mixing of the solvents was treated as a diffusive process, given the nanoscale dimensions of the system 43 , with bulk concentration of 55 M water initially inside the pipette and 14.1 M DMSO in the bulk solution. The simulations accounted for the dependence of the diffusion coefficient of H2O and DMSO on the H2O: DMSO ratio (Supporting Information, section SI-5, Table S1 ), but for simplicity assumed no changes in the solution density (volume) in the mixing zone, so that a Newtonian fluid model could be assumed (Supporting Information, section SI-6). 100 mM TBA + Cl -was present inside and outside the pipette, with 5 mM BIC in the bath solution. Simulations considered several different applied biases, of relevance to the experiments. Saturation levels of BIC at different spatial locations were calculated based on the local proportion of water to DMSO, and measured saturation levels (Supporting Information, section SI-7).
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RESULTS AND DISCUSSION
Crystallization of Bicalutamide in a Nanopipette
A schematic of the typical experimental setup for monitoring BIC nucleation and growth events is depicted in Figure 1 . As mentioned above, the nanopipette was filled with 100 mM TBA + Cl -dissolved in water, and this was placed in a bath consisting of 5 mM BIC and 100 mM TBA + Cl -dissolved in DMSO. Note that for many of the experiments the concentration of BIC used (5 mM) was much lower than the saturation concentration in pure DMSO (200 mM), but occasionally different concentrations were used, as stipulated herein. A bias applied between the QRCE in the nanopipette and one in bulk solution generated an ionic current that could be used to monitor changes in the resistance at the end of the nanopipette. Nanoprecipitation events observed herein are driven predominantly by the antisolvent effect 48 due to the poor solubility of BIC in water (11.6 µM). 4 Based on our experimental observations, we propose that the DMSO and water phases mix locally and rapidly (vide infra)
at the nanopipette opening. This mixing leads to the protonation of BIC by water, as BIC has a pKa of 12, 5 as illustrated in Figure 4 . Consequently, at negative nanopipette electrode biases, protonated BIC (positively charged) will be driven into the body of the nanopipette by the applied electric field, but the high-water content of the mixed phase at the end of the nanopipette (vide infra), means that the solution becomes locally supersaturated with respect to BIC and nucleation occurs. Particle formation (and growth) causes a transient increase in 13 the system resistance and blockage of the ionic current. In contrast, in the case where a positive tip bias was applied, no blockage events were seen, consistent with protonated BIC being largely excluded from the nanopipette opening. Thus, the applied bias has a significant effect in promoting or inhibiting crystallization, even though the two solvents presumably mix to similar extents irrespective of the bias.
The blip responses observed, suggest a process where BIC particles form (leading to a decrease in the ion conductance current) and subsequently either translocate out of the pipette orifice or move further up the conical pipette whose dimensions get wider, re-establishing the baseline open-state conductance current. It has previously been shown that the surface charge of a translocating particle can have an impact on the shape of the resistive pulse and is strongly influenced by the concentration of supporting electrolyte used. 11, 49, 50 High electrolyte concentration screens the charge on the particle and the nanopipette walls (short Debye length) and so particle charge has little effect, whereas at low electrolyte concentration the Debye length is larger. To explore this aspect, I-t measurements were performed with a lower electrolyte concentration (10 mM TBA + Cl -), with some example data shown in Figure 5 . In these instances, the transient shape is more complicated showing both an increase resistive pulse, described above, but accompanied by an increase in conductance state at some times in an overall "event". These features are broadly similar to features seen on charged particles [49] [50] [51] [52] [53] although in the case of Figure 5 , the features are much more complex and could also result from some repetitive nucleation and redissolution events in the growth of a particle (e.g.
transformation from one solid phase to another via a solution-mediated process). Additionally, these events are somewhat slow for a particle translocation event, 49 and would suggest that the particle, and evolving entity, rattles in the end of the pipette before leaving the reaction zone.
Based on the fact that BIC is protonated in the aqueous phase, the surface charge of the particle is likely to be positive. In this case, the particle would be expected to migrate into the 14 nanopipette (given the applied field) but, as we show below, some particles evidently leave the nanopipette, perhaps due to physical flow of the more dense aqueous phase into the DMSO phase, which is not considered in the simplified model we present below. In order to estimate saturation levels of BIC inside a nanopipette, time-dependent FEM simulations were performed with 100 mM TBA + Cl -in the nanopipette (water) and bath DMSO 15 solutions. 5 mM BIC was present in the bath solution at the start of the simulation. BIC had neutral charge in the bulk organic phase and became protonated in the aqueous phase, as shown in Figure 4 , and further discussed in the Supporting Information, section SI-4. It can be seen that quasi-steady profiles are produced at times between 10 ms and 100 ms. were also found to grow on the glass surface directly beneath where the probe was positioned for these growth experiments (Figure 8 (b) ). The presence of these crystals outside the nanopipette is evidence that particles translocate the nanopipette orifice, and continue to grow and settle on the glass substrate beneath. Crystals were not observed in cases where a positive tip bias was applied to the electrode in the nanopipette.
To confirm that the crystals formed were BIC, Raman Spectroscopy was employed, shown in Figure 8 (c). Characterization of the resulting peaks for these samples lead to the conclusion that the formed crystals are of Form II BIC (comparing the data to Raman spectroscopy of reference compounds elsewhere). 54 In particular, the strong peak at around 1600 cm -1 is found in both BIC Forms, but the Form II crystal has π-π stacking interactions, which causes an extra peak at 1582 cm -1 , as highlighted in Figure 8 (c) that is not present in the spectrum of Form I. Form I is the more stable polymorph at all temperatures and Form II is labelled as the metastable state. 55 Crystallization of BIC from bulk solutions at room temperature usually leads to Form I. Form II can be produced from the transformation of (solidstate) amorphous BIC at room temperature and this could be the route followed in this case,
i.e. the high supersaturations that are attained at the end of the nanopipette (Figure 7 (a) ) could promote crystallization of the amorphous form, with transition to Form II. 55 A further consideration is that at the nanoscale, smaller crystals generally have higher free energies than larger ones, and the formation of the polymorph with the thermodynamically most stable bulk structure is not necessarily the one with the most stable surface structure. [56] [57] [58] Crystal surface energy is significant for polymorph stability and the effect is further emphasized when the nature of the solvent is considered. (c) Raman spectrum of BIC crystals formed, with main peak positions marked. The peaks highlighted at 1582 and 1600 cm -1 are most useful in resolving the BIC crystal type.
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CONCLUSION
In this study, we have shown that the nucleation and growth of BIC nanoparticles can be induced and monitored in real time using a simple nanopipette system. The approach advocated is an antisolvent/solvent approach in which crystallization is induced by the mixing of DMSO and water at the mouth of a nanopipette, with the applied bias providing control over the extent of crystallization. The bias applied can be used to promote or stop nucleation.
Simultaneously, by measuring the current-time response at a given applied potentials current oscillations are observed which were attributed to, and shown to result from, the formation, and subsequent translocation, of BIC particles near the nanopipette orifice.
With this simple approach, we have demonstrated that seeds can be produced that lead to the formation of Form II BIC at room temperature. To support the experiments, detailed FEM simulations have provided valuable information that help to validate the nucleation process, and provide estimates for the supersaturation levels achieved experimentally. In the future, with this unique, simple yet powerful nanoscale methodology, other APIs with polymorphic properties could be explored, as well as formulations of amorphous solid dispersions. There is also, the possibility of implementing this system for seed synthesis at larger scales, using multi porous membranes and designer potential-time profiles that promote nucleation and particle ejection.
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